The fabrication and characterization of stable core-shell superparamagnetic nanocomposites for potential application in drug delivery
A multi-functional gold nanorods-mesoporous silica Janus nanoparticles (NPs) were fabricated by a facile and mild strategy. These Janus NPs not only exhibit small shift of the local surface plasmon resonance wavelength but also have high potential for drug loading and low cytotoxicity. More importantly, the Janus nano-composites could efficiently deliver the imaging agents or drugs into liver cancer cells, at the same time the Janus NPs have good effect on photothermal, which indicate that the unique Janus NPs could be a promising candidate of theranostic system for combined photothermo-/chemo-cancer therapy. V C 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/ 1.4919454] Owing to the unique local surface plasmon resonance (LSPR) absorption and resulted photothermal effect, gold nanorods (GNRs) have exhibited great potentials in the field of cell therapy. [1] [2] [3] [4] [5] [6] [7] [8] In order to increase the loading amount of drug/gene/protein and reduce the nanoparticle cytotoxicity, silica or biopolymer layers have been coated to increase the surface area and reduce the cytotoxicity of GNRs. 9 Among them, the core-shell-typed mesoporous silica (mSiO 2 ) coated GNRs had been well developed. 10 This core-shell structure had been demonstrated can offer the opportunity to integrate the imaging, chemotherapeutics, and hyperthermia functions within a single platform.
In general, LSPR resonant wavelength is determined by the shape and size of the GNRs, as well as the environmental (shell) layer thickness and its refractive index. The latter is a function of the specific surface of the shell layer. However, in core-shell structure, a natural requirement to increase loading amount of drug/gene/protein is thickening the shell to provide more load area because the drug loading is related to the available surface area on carrier, which unfortunately leads to at least three problems associated with the core-shell architectures: (i) a sensitive shift of the LSPR wavelength; (ii) reduction of the GNRs absorption efficiency to light; and (iii) reduced passive phagocytosis feasibility. In theory, the traditional core-shell structure after loading medicine, the absorption and reflection of the dye will result in a further loss of the incident light; the light absorption loss of the mSiO 2 rods would be more significant. In another word, the loading amount of drug/gene/protein and the optical absorption performance of GNRs in core-shell structure are not possibly optimized independently and simultaneously. These imply the necessity to find other structure which separates the medicine loading body with the photothermal head to solve these problems.
Janus nanoparticles (GNRs-mSiO 2 Janus NPs) which composed of GNRs head and mSiO 2 body were synthesize based on our previous mauscript. 12, 16, 17 The externally jointed head-body structure allows for separate design and adjustment of their sizes and shapes. Particularly, BET surface area and the BJH (Barrett-Joyner-Halenda) adsorption cumulative volume of pores of the mesoporous silica body were as high as 1090.3 m 2 g À1 and 0.73 cm 3 g
À1
, and the surface area for drug loading could be changed by different length of silica rods while maintaining the morphology of rod body. It means that all the above-mentioned three problems encountered with the core-shell structures were solved by this scheme.
In order to obtain the GNRs-mSiO 2 Janus NPs with a high BET (Brunauer-Emmet-Teller, N 2 adsorption/desorption isotherms) surface area, uniform porosity, stable aqueous dispersion, and excellent biocompatibility, a modified sol-gel process was developed as shown in Figure 1 trimethyl ammonium Bromide (CTAB) as a template, and GNRs as the substrate. 12, 18, 19 The morphology of GNRsmSiO 2 Janus NPs is strongly dominated by the ratio of GNRs and TEOS, as shown in Figs. 2(a)-2(c). When GNRs concentration is fixed, the lengths of GNRs-mSiO 2 Janus NPs can be facilely tuned by the amount of pure TEOS. As shown in Fig.  2(b) , if 15 ll TEOS is added into the mixture of GNRs and CTAB, the ratio of silica rods length to diameter is about 1.3, while it increases to 3-4 when 30 ll TEOS injected. Further, the length of silica rods could be regulated by different reaction time just like in Figs. 2(d)-2(f). 11 The Janus NPs were obtained at 2, 5, and 30 min in the case of 30 ll TEOS, the short silica rods after 2 min reacting were observed as shown in Fig. 2(d) . With the increasing of reaction time, silica grew along the CTAB micelles, so the length and diameter of the silica rod became larger. Based on the above results, we found that different silica rods could be obtained by the reasonable control of TEOS amounts and reaction time. Based on our previous work, 12 we think CTAB micelles as the template first preferentially adhere to the surface of the GNRs where surface energy is lowest, meanwhile, small amount of silica forms on one side of GNRs after adding TEOS, then silica grow and assemble along the rod-like micelles until GNR-mSiO 2 Janus NPs are obtained.
The SPR properties of NPs are investigated by UV-Vis spectrometer. [13] [14] [15] As a contrast, the core-shell structure (GNRs@mSiO 2 ) nanoparticles were synthesized by the classical sol-gel hydrolysis method. 30 ll TEOS was added into 100 ml GNRs solution in three portions, GNRs@mSiO 2 NPs were obtained after 24 h. The SPR properties of NPs were shown in Fig. 3(a) , three types of NPs all exhibit LSPR absorption peak. But obviously different point with pure GNRs is that the red-shift wavelength of GNRs@mSiO 2 is nearly about 100 nm and red-shift wavelength of GNR-mSiO 2 Janus NPs is lower than 40 nm. The LSPR filed distribution of NPs was simulated by the Finite-Difference Time-Domain (FDTD) method to analyze this difference. Here, the gold cores associated with the silica shells were modeled in a twodimensional case for simplicity. The magnetic field intensity distributions under 650 nm wavelength light excitation were calculated under normal TM-polarized incidence as shown in Figs. 3(c) and 3(d) . In the calculation, GNRs length is 70 nm and diameter is 30 nm, the GNRs@SiO 2 diameter is 80 nm in GNRs@SiO 2 , and the silica shell diameter is 100 nm in GNRs-mSiO 2 Janus NPs. Localized surface plasmon polaritons (LSPPs) were excited around the GNRs. As shown in Fig. 3(d) , such LSPPs exhibited asymmetrical field distributions due to the Janus structure. Because most of the field distributed to the environment, the peak wavelength of the LSPPs would not be affected so much by silica rods. Therefore, the absorption offset of Janus structures is much smaller than that of core-shell structure of the same silica rod diameter. From above numerical calculation results, it is shown that silica Janus structures model has the small effects on the SPR of GNRs, and this Janus structure is helpful for the light source selection of GNRs for the sake of high laser utilization rate in the photothermal therapy.
The cytotoxicity of NPs was tested by MTT (Thiazolyl blue) method. 20 The human hepatocellular carcinoma HepG2 cells are used as the model. The result can be found in Fig. 3(b) , the cytotoxicity of three NPs all display dosedependence manner and increase with the nanoparticles concentration in a certain range. Obviously, the cytotoxicity of GNRs was much stronger than others. This result shows that silica could effectively reduce the toxicity caused by CTAB, the difference of GNRs@mSiO 2 with GNRs-mSiO 2 NPs cytotoxicity may be because CTAB in core-shell structure contact with cells more easily.
Distribution of GNRs-mSiO 2 Janus NPs in cells and tissues was also studied by TEM and ICP-OES (Inductively Coupled Plasma Optical Emission Spectrometry). From  Figs. 4(a) and 4(b) , we confirm the nanoparticles could enter into cells and gathered around the cytoplasm. ICP-OES was used to quantify the gold element level in liver, spleen, heart, lung, kidney, and tumor after the administration of GNRs-mSiO 2 Janus NPs as shown in Fig. 4(c) . At 2 h after injection of GNRs-mSiO 2 Janus NPs, significant amount of Au contents was detected in the liver and spleen due to the reticuloendothelial system (RES). On the other hand, in the tumor tissue, the Au contents were increased up to 24 h after injection with passive-targeted tumor homing of NPs. On these results, we can conclude that Janus NPs were able to enter tumor tissue and gather in the cancer cells. It is very meaningful for further cellular imaging and therapy. 18, 24 The RdB (Rhodamine B) were loaded in GNRs-mSiO 2 Janus NPs for cell imaging. 21 As shown in Figs. 5(a)-5(c), red light emitted by RdB is mainly observed in the range of cytoplasm and around the nucleus which shows blue light of Hochest, the outline of the cell has very clear image from Fig. 5(c) . It is worth noting that the RdB was directly loaded in the process of synthetic and wrapped in silica, the mesoporous pore of silica rods was used to realize further loading of other materials directly or by further modification, hydrophobic drugs also can be loaded by further surface modification of silica surface, 24 so it may be could achieve hydrophilic and hydrophobic material load at the same time. This may bring some potential applications in the field of cell imaging and drug delivery. The near-infrared (NIR) laser was used for the photothermal therapy of GNRs-mSiO 2 Janus NPs. 22 The optical absorption density (OD) and the maximum LSPR of the Janus NRs were 0.25 and 800 nm. So the NIR laser of 808 nm with power density of 38 W/cm 2 is utilized to evaluate the photothermal therapy effect. The exposure time is fixed at 3 min, and the dead cells were stained blue by treatment with 0.4% trypan blue for 10 min. 23 The laser power density is 38 W/cm 2 . The microscope images showed no changes in Fig. 5(d) which cells cultured with GNRs-mSiO 2 Janus NPs without NIR laser irradiation as the control groups and very few cells became stained blue in Fig. 5 (e) which cells cultured without NPs, implying the destruction of normal cells is limited in this laser intensity. In contrast, we find that most of cells incubated with GNRsmSiO 2 Janus NPs became stained blue after the laser irradiation as shown in Fig. 5(f) , it confirms the NPs are of effect on most of cells. All results above illustrate gold nanorods in the asymmetric structure still has high phototherapy effect. Based on these cell imaging and phototherapy results, we think GNRs-mSiO 2 Janus NPs can be used as a good candidate for theranostics. A simple and fast approach was reported for synthesis of GNRs-mSiO 2 Janus NPs, these NPs have the advantages of GNRs and mesoporous silica rods at the same time. As compared with core-shell typed nanoparticles, these Janus NPs not only exhibit smaller shift of the LSPR wavelength and higher absorption efficiency to light but also have higher loading capacity and lower cytotoxicity. Furthermore, the Janus NPs were found effectively to enter cells to realize cellular imaging and demonstrate significant photothermal effect. Therefore, this unique Janus NPs could have great potentials as theranostic system in the field of cellular imaging, drug delivery, and therapy.
